We review our recent proposals for the on-demand generation of entangled few-electron states using dynamic single-electron sources. The generation of entanglement can be traced back to the single-electron entanglement produced by quantum point contacts acting as electronic beam splitters. The coherent partitioning of a single electron leads to entanglement between the two outgoing arms of the quantum point contact. We describe our various approaches for generating and certifying entanglement in dynamic electronic conductors and we quantify the influence of detrimental effects such as finite electronic temperatures and other dephasing mechanisms. The prospects for future experiments are discussed and possible avenues for further developments are identified.
Introduction
Recent groundbreaking experiments have demonstrated the controlled emission and interference of single-electron excitations in mesoscopic structures [1, 2, 3, 4] . The central components of these experiments are single-electron sources combined with edge states in topological insulators (including the well-known quantum Hall effect) functioning as wave guides for the emitted electrons. Single-electron excitations can be generated using either a mesoscopic capacitor [1, 5] or by applying Lorentzian voltage pulses to an Ohmic contact [2, 6] . On-chip experiments with individual electrons can then be performed, similar to those realized with single photons on optical tables. Consequently, this field of gigahertz quantum electronics is known as electron quantum optics [7] .
The controlled emission of single-electron excitations constitutes an important step towards the on-demand generation and detection of entangled single-and few electron states in mesoscopic structures. Entanglement in mesoscopic conductors with constant voltages has been investigated both experimentally and theoretically (for a review, see Ref. [8] ). By contrast, the on-demand generation of entangled few-electron states using dynamic single-electron sources is much less explored [9, 10, 11, 12, 13, 14, 15, 16, 17, 18] . However, with the recent developments in electron quantum optics, this line of research seems promising for realizing future solid-state architectures with synchronized manipulation of quantum information encoded in electronic excitations.
In this short review, we discuss our recent proposals for generating and detecting entanglement in dynamic mesoscopic conductors. Specifically, we describe schemes for producing and detecting time-bin entanglement of electrons emitted from mesoscopic capacitors and we review our proposal for generating and detecting electron-hole entanglement in a dynamic Mach-Zehnder interferome-ter. Importantly, in these proposals the generated entanglement can be traced back to the partitioning of a single electron on a quantum point contact (QPC). The coherent partitioning of a single electron leads to entanglement between the outgoing arms of the QPC. Due to parity and charge super-selection rules, it is not clear how to detect the entanglement. However, together with the Quantum Correlations Group in Geneva, we have recently devised an experimental setup for the detection of single-electron (mode) entanglement. We start by describing the concept of single-electron entanglement together with the experimental scheme for its detection. We then go on to review the proposals for time-bin and electron-hole entanglement in electronic interferometers. As we show, the unifying principle of these proposals is the single-electron entanglement produced at a QPC.
The review is organized as follows. In Sec. 2 we discuss the basic principles of fermionic single-particle entanglement. In Sec. 3 we describe a scheme for detecting singleelectron entanglement in an electronic Hanbury-BrownTwiss interferometer. Sections 4 and 5 concern our proposals for generating and detecting time-bin and electron-hole entanglement in dynamic mesoscopic structures. Finally, in Sec. 6 we provide our conclusions and an outlook on possible avenues for further developments.
2 Dynamic entanglement generation Using a QPC, an electron can be partitioned between two separated parties named Alice and Bob, leading to the state
whereĉ † α creates a particle localized with party α = A, B and |0 = |0 A ⊗ |0 B denotes the state with no (excess) particles with either party. In the second line, we indicate the number of particles localized with each party, i. e. |1 A , 0 B = |1 A ⊗ |0 B and |0 A , 1 B = |0 A ⊗ |1 B . Together with the Quantum Correlations Group in Geneva, we have recently demonstrated that this state is entangled and the entanglement can be experimentally detected [17, 19] . At first, this might not be obvious, since the local operations that Alice and Bob can perform are constrained by parity and charge super-selection rules. Alice and Bob can only measure in the Fock basis which excludes measurements of superpositions like |0 α + |1 α as required to violate a Bell inequality.
The entanglement in Eq. (1) can nevertheless be detected using a copy of the state [20, 17] . Since two fermions cannot occupy the same state, we introduce an additional degree of freedom that we denote by σ = ±. It could be the spin of the particles [21] , but could equally well be any other degree of freedom such as the nature of the particles (electron or hole) [15] or the times that the particles traverse the QPC [10, 12] . The state obtained by taking two copies of Eq. (1) then reads
where |A σ =ĉ † A,σ |0 and |B σ =ĉ † B,σ |0 . Here, we have partitioned the two-particle Hilbert space H according to the additional degree of freedom as
and the state |Ψ 2 is then clearly separable according to Eq. (2). However, we may also partition the Hilbert space with respect to Alice and Bob as
This is a local bi-partition, since Alice and Bob are spatially separated from each other. Each subspace of this bipartition can be spanned by the states
with α = A, B. With respect to this bi-partition, the twoparticle state reads
with |2 A , 0 B = |2 A ⊗ |0 B and so forth. This state cannot be written as a product of a state belonging to H A and a state belonging to H B . Thus, we see that |Ψ 2 is separable with respect to the ±-partition, but not with respect to the AB-partition. Furthermore, as we discuss in the next section, the state can be used to violate a Bell inequality without the use of measurements that are forbidden by superselection rules. This allows us to complete our argument showing that Eq. (1) indeed is entangled: If the state in Eq. (1) was not entangled, two copies of the state, as described by |Ψ 2 , would also not be entangled. Therefore, a violation of a Bell inequality using |Ψ 2 , demonstrating that |Ψ 2 is entangled, necessarily implies that |Ψ 1 is also entangled. Here, as well as in Ref. [17] , we consider the entanglement of formation E F which is sub-additive, i.e.
. Other measures of entanglement can lead to different conclusions [23, 24] .
The entanglement in |Ψ 2 originates from the singleparticle entanglement in |Ψ 1 . However, Alice and Bob can also use the state |Ψ 2 to entangle the two particles, i. e. create entanglement in the ±-partition. Using a detector which only measures the number of particles but not their internal degree of freedom encoded in σ = ±, Alice and Bob can project the state |Ψ 2 onto the subspace where each party receives a single particle. This yields the Bell state
where we have emphasized that the state is fully entangled with respect to both the AB and the ±-partition. In the ±-partition, it is the projection (a local operation with respect to the AB-partition) which creates the entanglement [23, 25, 21] . Since the projection constitutes a non-local operation with respect to the ±-partition, it is not surprising that it can create entanglement between the two particles. This is reminiscent of the entanglement distillation in Ref. [26] . We conclude that the entanglement between the parties Alice and Bob originates from the single-particle entanglement of the state in Eq. (1). On the other hand, entanglement between the two particles can be created by projecting onto the subspace with a single particle at each location. In the following, we illustrate these concepts by reviewing our recent works on on-demand entanglement generation.
3 Single-electron entanglement We now explicitly show that that a single electron in a superposition of two spatially separated modes as described by Eq. (1) is entangled. The line of arguments follows our recent work in Ref. [17] . To access the single-electron entanglement, we make use of two copies of the state in Eq. (1) shared by Alice and Bob as illustrated in Fig. 1 (a) . As mentioned above, this allows us to circumvent the restrictions imposed by parity and charge superselection rules and it enables a violation of a Bell inequality without the use of post-selection.
We consider the electronic Hanburry-Brown-Twiss interferometer sketched in Fig. 1 (b) . Electrons propagate along one-dimensional chiral edge channels which are formed in the quantum Hall regime when a strong magnetic field is applied. A setup of this type with constant voltages has previously been used to investigate the twoparticle Aharonov-Bohm effect both theoretically [27] and experimentally [28] . Here we consider dynamic sources S 1/2 which emit single electrons on demand, i. e. narrow single-electron wavepackets. The contacts A ± and B ± represent the detectors on Alice's and Bob's sides. The other contacts G 1/2 are grounded. We first consider a simplified situation, where the temperature is zero and we assume that single electrons above the Fermi energy can be detected one by one. A scheme relying only on measurements of the mean current and the zero-frequency noise is discussed below where we also discuss dephasing and finite temperatures.
Single-electron excitations localized in region α are described by the operatorÂ α [see Eq. (19) for an example]. The possible regions are indicated in Fig. 1 (b) . The electrons are emitted from a source at the time t = 0 and reach the region α at the time t α . (We note that each region can either only be reached from a single source or it has the same distance to all possible sources due to the symmetry of the setup). For t α = t β , the operators fulfill the canonical anti-commutation relations
We start by considering the case where only S 1 is active and produces the stateÂ † S1 |0 right after the source. Here, the undisturbed Fermi sea is denoted as |0 . The electron then traverses the first QPC, and its state now readŝ
having assumed that the QPC is half-transparent. The equality here is due to our definition of the creation operators. Specifically, the state obtained by creating an electron in region S 1 at time t S1 is the same as the state obtained by creating an electron which is delocalized over the regions A 1 and B 1 at the later time t A1 = t B1 . We see that a single-electron source in combination with a QPC in this way can be used to prepare the state in Eq. (1). Next, the sources S 1 and S 2 which are assumed to be identical are operated synchronously. Importantly, the classical correlation provided by the synchronization is the only correlation between the sources and it cannot create any entanglement. In addition to the sources, Alice at A and Bob at B both have a local measurement device. The measurement device consists of a half-transparent QPC mixing the two inputs channel and two detectors shown as A ± and B ± in Fig. 1 (b) . In addition, the phases ϕ A/B applied at one of the inputs is tunable. Experimentally, the tunable phase can be provided by a side-gate or, since only the sum of the phases ϕ = ϕ A + ϕ B matters, by a magnetic flux threading the interferometer. The degree of freedom that distinguishes the two particles (called ± in the last section) is the orbital degree of freedom given by the input in which the electron arrives to Alice (A 1 or A 2 ) or Bob (B 1 or B 2 ).
The two-electron state moving from the sources to the detectors can now be written
where we assumed that the propagation along the edge channels has the same effect on both emitted electrons. Assuming thatÂ † A± induces a click in Alice's detector A ± (and similarly for Bob), a Bell inequality can be violated using the following strategy: The binary inputs x, y = 
If both or none of the detectors click, the outputs are defined to be +1 and −1 respectively. Denoting the probability for outputs a, b given inputs x, y by P (ab|xy), the correlator defined as
is then given by
If the experiment can be explained by a local hidden variable model, the Clauser-Horne-Shimony-Holt (CHSH) inequality should hold [29] 
However, with the choice ϕ 
which is clearly violating the CHSH inequality. Since the two-electron state was obtained by local operations on single-electron states originating from independent sources, which at most can be classically correlated due to their synchronization, we conclude that the single-electron state in Eqs. (1) and (9) must be entangled. The Bell inequality violation is not subject to the detection loophole as our scheme does not involve post-selection [30] . We now turn to an experimental scheme which can be realized with current technology. The single-electron excitations can be generated by applying Lorentzian voltage pulses to an Ohmic contact [6, 2] or by using a mesoscopic capacitor [1, 5] . Here we focus on voltage pulses. The excitations created in this manner are known as levitons and can be described using Floquet scattering theory [31] . A time-dependent voltage can be described by the phase
which electrons pick up upon leaving the contact (which is then described as being in local equilibrium). Levitons are created by applying periodic Lorentzian voltage pulses
where T = 2π/Ω is the period and Γ the width of the pulses. The probability amplitude for an electron to change its energy by n energy quantahΩ due to the voltage reads
The probability to lose energy (n < 0) is zero implying that clean electron-like excitations are created without any accompanying particle-hole pairs [32] . For an infinite period, these are described by the annihilation operator [6] A
whereâ α (E) annihilates the scattering state which looks like a plane wave of unit flux in region α and t α denotes the time at which the levitons appear in region α (due to the chirality of the edge states, the direction of propagation is fixed). The Floquet scattering matrices of the full structure is obtained by combining the amplitudes for the sources with the scattering matrices of half-transparent QPCs and the phases ϕ A/B (for details, see Ref. [17] ). In order to violate a Bell inequality using only measurements of the mean current and the zero-frequency noise [33, 34, 35, 27] , we need to assume that the longtime measurements amount to ensemble averages over the state in a single period. This is a reasonable assumption if the width of the levitons is much smaller than the period Γ Ω 1. The levitons are then well-separated and correlations between electrons emitted within different periods can safely be neglected. At zero temperature, the Fermi sea does not contribute to the long-time measurements and the dc current operator can be expressed in terms of the leviton number operator aŝ
The current operators at detector A + can then be written aŝ 
In the single-electron subspace, where Alice and Bob both receive a single electron, these operators measure the Pauli operator rotated by the controllable angle ϕ A . If two or no electrons arrive at the detector, the operators will give the contributions +1 or −1 respectively (to see this, one may use that Î A+ = Î B+ = e/2T ). At zero temperature, these operators yield the correlators
showing that they fulfill the same statistics as the strategy discussed above Eq. (12), where we assumed the possibility to detect single electrons. The CHSH inequality in Eq. (13) can thus be violated in an analogous way. The average current and the zero-frequency noise do not depend on the pulse width Γ . Still, the assumption Γ Ω 1 is crucial to infer single-electron entanglement as it ensures that only a single electron from each source traverses the interferometer at any given time. This is different from Ref. [27] , where a constant voltage source was used and the violation of a Bell inequality was discussed in terms of two-particle orbital entanglement obtained by projecting onto the subspace where Alice and Bob each obtain one particle. Due to this projection, a maximal violation of the CHSH inequality can be achieved (S = 2 √ 2). At finite temperatures, Eq. (20) is no longer valid and the meaning of a CHSH violation becomes more subtle. We show in Appendix A that entanglement can still be demonstrated for narrow pulses. Furthermore, dephasing due to interactions within the system itself or with an external environment decreases the parameter S. Dephasing is taken into account with a phenomenological model which describes Gaussian phase noise with variance σ 2 [36, 17] . The effect of finite temperatures and dephasing is illustrated in Fig. 2 , showing that entanglement can still be detected under realistic experimental conditions.
Having established that the coherent splitting of a single electron on a quantum point contact produces an entangled state, we now turn to our proposals for create twoelectron entanglement based on this essential principle.
Time-bin entanglement
We now discuss the creation of time-bin entanglement using single-electron sources and a quantum point contact [10, 12] . As discussed above, an entangled two-particle state can be created using two copies of a delocalized single-electron state together with a projection onto the subspace where each party receives one electron. Here, we are interested in the case where the entangled degrees of freedom are provided by the time that the electrons arrive at their respective parties Alice and Bob. To this end, we consider a QPC with two inputs and two outputs leading to Alice and Bob. The first electron is sent onto the QPC at time t − creating the state Here, the first subscript denotes the spatial localization and the second denotes the time, i. e.Â † A,− creates an electron that is transmitted through the QPC towards Alice at time t − . A second electron is then sent onto the QPC at time t + , resulting in the combined two-electron state
The different signs in the first line appear since the two electrons originate from different inputs. If the states created byÂ † α,+ andÂ † α,− can be perfectly distinguished, the last state is equivalent to the state in Eq. (2). Alice and Bob can then perform local projections to obtain the fully entangled Bell state in Eq. (7) with probability one half. On the other hand, if the times t − and t + are close, a finite overlap between the emitted electrons will reduce their distinguishability. We thus writê
with the overlaps
Here, the operatorÂ α,× creates the state obtained by projecting the overlap with |− α away from the state |+ α .
The state in Eq. (25) can now be expressed as
where |2 α =Â † α,×Â † α,− |0 and |i A , j B =Â † A,iÂ † B,j |0 with i, j ∈ −, ×. If the emitted electrons are fully overlapping (t + = t − and |J| = 1), Alice and Bob each receive one electron and the state is separable. This is the fermionic Hong-Ou-Mandel effect. With no overlap (J = 0), we recover the state in Eq. (6) (up to a relative phase which is not important in this limit).
We now consider the situation where Alice and Bob are restricted to measurements which are diagonal in the Fock basis. Then the entanglement between subspaces with different local particle numbers is inaccessible as discussed above [8] . However, with a local measurement of the total particle number, Alice and Bob can project onto the subspace where each party receives one electron. The resulting state is given by the first line of Eq. (28) . This state lives in the subspace spanned by |− α and |× α with α = A, B which is equivalent to the Hilbert space for two-qubit states shared by Alice and Bob. This entanglement can be quantified by the concurrence which is easily evaluated for pure states [37, 10, 12] . For the state after projection, it reads
which reaches unity (zero) for zero (complete) overlap. To obtain the entanglement generated in a single realization, the concurrence should be multiplied with the probability of obtaining one electron with each party. This gives the concurrence per cycleC
which reaches a maximum value of 1/2 for zero overlap. Next, we discuss two specific proposals for creating time-bin entanglement in this way. The first proposal was put forward by Splettstoesser, Moskalets, and Büttiker [10] and is sketched in Fig. 3 (a) . It uses two mesoscopic capacitors which emit single electrons (and holes) onto a central QPC. We call this the chiral proposal. Anti-bunching of electrons in such a geometry has been studied both theoretically [38] and experimentally [3] . The second proposal uses a single mesoscopic capacitor coupled to the helical edge states of a quantum spin Hall insulator [12] . We call this the helical proposal. We use mesoscopic capacitors that are driven adiabatically, i. e. the variation of the topgate potential is slow compared to the dwell time of the electrons inside the capacitor [39] . In this case, the mesoscopic capacitor emits a leviton described by the operator Figure 3 (a) Two mesoscopic capacitors which emit single electrons onto a common QPC with a time delay can be used to create time-bin entanglement [10] . (b) Using the edge states of a quantum spin Hall insulator, a single source can be used to create time-bin entanglement [12] . The role of the central QPC in (a) is played by the QPC connecting the capacitor to the elongated edge state. The delay between electron emissions is controlled by a magnetic flux φ which locally breaks time-reversal symmetry.
in Eq. (19) whenever a filled level is brought above the Fermi energy. The width of the wavepacket is determined by the speed at which the level crosses the Fermi level [31] .
Using two capacitors for the chiral proposal, the scheme for time-bin entanglement can be implemented in a straightforward manner. In the helical proposal, timebin entanglement is obtained using the spin degree of freedom. If time-reversal symmetry is preserved, the capacitor emits pairs of single electrons. This corresponds to the case |J| = 1 and both Alice and Bob obtain an electron at the same time. A magnetic flux can be used to locally break time-reversal symmetry and split the spindegeneracy within the capacitor. The two electrons are then emitted with a time delay that is controlled by the magnetic flux. Allowing for spin-flips in the emission process, each electron is emitted in a superposition of a leftand right-mover in analogy to Eq. (25) .
For both proposals, the overlap reads
where Γ ± denotes the width of the Lorentzian wavepackets. The concurrence is given by Eq. (29) provided that each electron has equal probability to end up with either Alice or Bob. For arbitrary transmission probabilities, the concurrence per cycle is of the form
In the chiral proposal, R and D are the reflection and transmission probabilities of the central QPC. In the helical pro-
, where d σ and d are the transmission probabilities of the QPC connecting the capacitor to the elongated edge states with and without spin-flip, respectively.
The source of entanglement is the delocalization of the emitted single-electron states. The delocalization leads to an uncertainty in the number of electrons that are emitted towards each party which generates electrical noise. The zero frequency noise in particular is given by the concurrence obtained per cycle as [12, 18] 
where Ω denotes the frequency of the sources. We note that this equality is only valid in the absence of decoherence. However, both proposals can be extended by a MachZehnder interferometer at each side in order to violate a Bell inequality which certifies the presence of entanglement [10] .
5 Electron-hole entanglement In this section, the entangled degree of freedom is the charge of the electronic excitation, i. e. whether the quasiparticle is electron-like or hole-like [15] . For a review on electron-hole entanglement using static voltage sources, see Ref. [8] . An electronlike excitation can be created by applying a time-dependent voltage pulse as in Eq. (15) to an Ohmic contact. A holelike leviton can be created by reversing the sign of the voltage. The corresponding Floquet scattering matrix is then similar to the one in Eq. (18), but the amplitudes for n > 0 and n < 0 are switched: Electrons can only lose energy, resulting in a clean hole-like excitation without additional electron-hole pairs. The electron-like leviton state is annihilated by the operator in Eq. (19) . The corresponding annihilation operator for a hole-like leviton readŝ
Similar to before, we consider a QPC with two inputs and two output channels. Instead of sending two electrons towards the QPC at different times, we now mix an electron and a hole arriving at the same time. All of the considerations from the previous section still apply. In particular, the outgoing state is given by Eq. (25) , where the indices + and − now denote a hole-like or electron-like excitation. They are perfectly distinguishable by their charge (and their energy), so we always have J = 0, and the concurrence at zero temperature is always maximal.
Instead of mixing an incoming electron and an incoming hole at the QPC, the electron-hole entangled state Eq. (25) can be created directly at the QPC: By modulating the QPC transmission D(t) periodically in time, it is possible to engineer a disturbance of the Fermi sea in such a way that exactly one delocalized electron-hole pair is created [40, 41, 11, 15] . To see this, we consider the time-dependent scattering matrix of the QPC,
We choose the transmission and reflection amplitudes as
with φ(t) given by Eq. (15) . Next, we switch to the eigenbasis of S(t). Particles in the two incoming eigenchannels will then be completely reflected with reflection amplitudes r(t) ± id(t) = exp(±iφ(t)) given by the eigenvalues of S(t), implying that an electron-like leviton is created in one of the eigenchannels and a hole-like leviton in the other one. The physical output channels of the QPC are equal superpositions of both eigenchannels so that the electron will be delocalized over both output channels with its state given by Eq. (24) and similarly for the hole. In contrast to the time-bin entanglement considered in the previous section, the entanglement here is inherently between subspaces of different local particle numbers, as the many-body state for the electron-like excitation differs from the one of the hole-like excitation by a particle number of two. However, the two basis states are in the same parity subspace [42] , so there is no fundamental principle that prevents the rotation of one state into the other. Indeed, in the presence of a superconductor, an electron can be converted into a hole through an Andreev reflection. With such a setup, the violation of a Bell inequality could thus in principle be realized. As it is experimentally challenging to induce superconductivity in quantum Hall edge states, it may however be more feasible to consider an entanglement witness based on a nonlocal measurement to circumvent the particle number superselection rule.
An entanglement witness is an observableŴ with
for all separable statesρ on a certain subspace H s ⊆ H of the Hilbert space. Compared to testing a Bell inequality, the assumptions for detecting entanglement based on a witness are stronger: It must be certain that the performed measurement indeed corresponds to the operatorŴ , and that the possible states are all within H s . In practice, however, these assumptions can usually be justified. One way to define an entanglement witness in quantum Hall edge channels is to combine Alice's and Bob's modes at a QPC and thereby realizing a nonlocal measurement [43, 44, 45] . As an advantage of this strategy, the particle number superselection rule is circumvented, since the two states are mixed at the QPC. Thus, such a witness can also be used to detect electron-hole entanglement [15] .
To formulate our witness, we consider a general twoparticle state incident on the QPC used for the detection,
If the projection of |Υ onto the subspace with one particle per mode is separable, Υ AB is a rank-one matrix. In this case, the zero-frequency cross-correlator S 34 = Î 3Î4 after the second QPC fulfills the inequality [15] 
where D d and R d are the transmission and reflection probabilities of the second QPC, and S 0 is S 34 for
For a mixed state decomposed into states of the form in Eq. (38), the current correlators at the outputs will be given by a weighted average over the current correlators corresponding to each pure state in the decomposition. Due to the linearity of the witness in Eq. (39), the inequality is then still valid for separable states and constitutes an entanglement witness in the sense of Eq. (37) . The witness, however, is not optimal, since f might also be negative for some entangled states. To make the witness more useful, it is important to recall that f is sensitive to the phases that are applied to the individual terms in the sum in Eq. (38) . For example, between the creation and the detection, the electrons might pick up a phase ±φ depending on their pseudo-spin quantum number + or − (corresponding to their electron-hole degree of freedom) in one of the channels of the conductor. This constitutes a local operation and therefore cannot create entanglement. However, the witness will generally oscillate as a function of φ and thus be violated only for certain values of the phase.
Combining the entanglement generation at the first QPC with the detection of the entanglement after the second QPC, the full setup takes the form of an electronic Mach-Zehnder interferometer, Fig. 4 . The interferometer may be threaded by a magnetic flux Φ giving rise to a tunable phase φ = ±2πΦ/Φ 0 picked up by the hole-like (electron-like) levitons in the upper arm, where Φ 0 = h/e is the magnetic flux quantum. Additionally, an energydependent phase ϑ(E) = Θ(E)(φ c + π) may be applied to all excitations in the upper arm of the interferometer by coupling a small cavity with flux φ c to the edge state via a QPC with a cut-off in the transmission below the Fermi level. Only electron-like excitations will then enter the small cavity and pick up this phase. We can then tune all relative phases in the state in Eq. (25) , which now becomes
At zero temperature and φ c = 0, the witness f becomes
which clearly can be positive, signaling entanglement. Figure 5 shows the witness as a function of the phases φ c and φ. For these calculations, we have used the transmission amplitude for t c (E) = 1/(exp(−BE) + 1) for the QPC connecting the edge state to the cavity, where the cut-off B can be tuned by a magnetic field [46, 47] . The zero-frequency noise is calculated using the Floquet scattering matrix approach [31] . We see that for a specific value of φ c , the system optimally violates the inequality (39) in the sense that the witness has the same weight above and below the f = 0 line as a function of φ.
The witness is more tolerant to a loss of visibility compared to entanglement certification based on Bell inequalities which typically require a high visibility. The visibility can be lost for example due to dephasing or a finite coherence length. Dephasing can be described by an additional fluctuating phase δφ with a Gaussian distribution, picked by electrons traversing the interferometer. The finite coherence length is characterized by the phenomenological parameter k which reduces the phase-dependent 
Figure 6
The maximum of the entanglement witness for different values of the phenomenological dephasing parameters σ 2 and k. The dots indicate the values extracted from the experiments in Refs. [28] and [48] . For these values, the witness can be positive and the electron-hole entanglement can therefore be detected.
part of the transmission probability through the interferometer, see Ref. [48] . In terms of these parameters, the noise then becomes S 34 = −e 2 Ω/(4π) [ 
2 ) cos(2φ)}]. Figure 6 shows the maximum of the witness for different values of σ 2 and k. We see that for values corresponding to state-of-the-art experiments, it would be possible to detect the electron-hole entanglement using this scheme. By contrast, entanglement tests based on the CHSH inequality are still challenging [28] .
Conclusions and outlook
We have reviewed our recent proposals for the on-demand generation and detection of few-electron entanglement in dynamic mesoscopic conductors. The common source of entanglement in these proposals is the coherent partitioning of single electrons on quantum point contacts, leading to entanglement between the two outgoing arms. To detect the single-electron entanglement, we use two copies of the state produced by an electronic Hanbury-Brown-Twiss interferometer. The resulting two-electron state can be used to violate a Bell inequality formulated in terms of current cross-correlators measured at the output arms of the interferometer. Two dynamic single-electron emitters can also be used to generate time-bin entangled electron pairs using either chiral or helical edge states. In these cases, the zero-frequency noise detected at the outputs is a direct measure of the concurrence. Electron-hole pairs can be produced by periodically modulating the transmission of a quantum point contact. The electron-hole pairs are delocalized across the two output arms, leading to entanglement between them. By reconnecting the arms at a second quantum point, the entanglement can be detected using an entanglement witness formulated in terms of current cross-correlators.
Experimentally, the controlled generation and detection of entanglement in dynamic mesoscopic structures is in its infancy. However, several important building blocks have been experimentally realized in recent years. Dynamic single electrons sources can be operated in the giga-hertz regime, leading to measurable currents and current correlations. The emitted electrons can be guided via edge states to quantum point contacts acting as electron beam splitter. Electronic Mach-Zehnder and Hanbury-Brown-Twiss interferometers with dynamic single-electron sources may be realized in the near future. As such, the prospects for generating and detecting electronic entanglement in dynamic mesoscopic structures seem promising. We hope this review may stimulate further efforts in this direction.
Figure 7
Difference of the CHSH parameters ∆S obtained from the leviton number correlators and from current correlators. A positive value indicates that a violation of the CHSH inequality at finite temperatures by current and noise measurements unambiguously indicates entanglement of the reduced two-leviton density matrix. The black area separates positive from negative values. The black dashed line indicates the temperature above which the CHSH inequality can no longer be violated.
